We consider the decoherence effects in the propagation of active neutrinos due to the non-forward neutrino scattering processes in a matter background composed of electrons and nucleons. We calculate the contribution to the imaginary part of the neutrino self-energy arising from such processes. Since the initial neutrino state is depleted but does not actually disappear (the initial neutrino transitions into a neutrino of a different flavor but does not decay) those processes should be associated with decoherence effects that cannot be described in terms of the coherent evolution of the state vector. Based on the formalism developed in previous work for treating the non-forward scattering processes using the notion of the stochastic evolution of the state, we identify the jump operators, as used in the context of the master or Linblad equation, in terms of the results of the the calculation of the non-forward neutrino scattering contribution to the imaginary part of the neutrino self-energy. As a guide to estimating the decoherence effects in situations of practical interest we give explicit formulas for the jump operators for different background conditions, and point out some of the salient features in particular the neutrino energy dependence. The results can be useful for long baseline experiments, where matter effects are important, and can also serve to guide the generalizations to other situations in which the decoherence effects in the propagation of neutrinos due to the non-forward scattering processes may be important.
Introduction and Summary
It is well known that neutrinos propagating through a background medium acquire an index of refraction produced by their coherent, forward scattering, interaction processes with the background particles. One approach is to calculate the real (or dispersive) part of the neutrino self-energy in the context of Thermal Field Theory (TFT) [1] , from which the neutrino and antineutrino effective potential and dispersion relations can be determined [2] .
The neutrino interactions with the background particles can also produce damping terms in the neutrino effective potential and index of refraction. In a previous work [3] we considered the calculation of such damping terms in a background of fermions (f ) and scalars (φ) as a consequence of processes such as ν + φ ↔ f and ν +f ↔φ, involving the coupling of neutrinos to those particles of the generic formf R ν L φ. There we calculated the imaginary part (or more precisely the absorptive part) of the neutrino self-energy, from which the damping terms in the effective potential and dispersion relation were obtained.
Subsequently we pointed out that, in addition to the damping effects, those couplings induce decoherence effects in the propagation of neutrinos due to the neutrino non-forward scattering process [4] . More precisely, we considered various neutrino flavors (ν La ) interacting with a scalar and fermion with a coupling of the form L int = a λ afR ν La φ + h.c.
(1.1)
The scattering processes of the form ν a + x → ν b + x, where x = f, φ, can induce decoherence effects in the propagation of neutrinos, independently of the possible damping effects mentioned above. Our strategy there was to determine the contribution of such processes to the absorptive part of the self-energy, from which we obtained the corresponding contribution to the damping matrix Γ by the usual method. However, in the case considered there, in which the initial neutrino state is depleted but does not actually disappear (the initial neutrino transitions into a neutrino of a different flavor but does not decay into a f φ pair, for example), we pointed out that the effects of the non-forward scattering processes are more properly interpreted in terms of decoherence phenomena rather than damping. Thus, we gave a precise prescription to identify the decoherence terms, specifically the jump operators (L n ) as used in the context of the master or Linblad equation [5, 6, 7, 8, 9] , in terms of the results of the calculation of the imaginary part of the neutrino selfenergy due to the non-forward neutrino scattering processes. As usual, the formulas for the jump operators involve integrals over the momentum distribution functions of the background particles, and as a guide to estimating such decoherence effects, the relevant quantities were computed explicitly in the context of the model we considered, for several limiting cases of the momentum distribution functions of the background particles.
As a follow-up of that work on the contribution of non-forward scattering processes to the decoherence effects on the propagation of neutrinos in a thermal background, here we consider the case of the standard interactions of neutrinos with a matter (electron and nucleon) background. This is of course a realistic situation rather than a hypothetical model, with potentially important consequences for many research activities of current interest, from both theoretical and experimental perspectives.
Decoherence effects, in the framework of open systems or the Linblad equation, have been considered in the recent neutrino physics literature in a variety of contexts [10, 11, 12, 13] , and in specific settings such as IceCube [14] , DUNE [15] , and long base line experiments [16, 17] . It has also been considered for their possible relevance in connection with quantum gravitational effects [18] , and the question of CP T symmetry and the Dirac vs Majorana nature of neutrinos [19, 20] . Some of these works have explored the dependence of the decoherence terms on the neutrino energy (e.g., Refs. [10, 11, 14, 17] ), but they have been based on general considerations at a phenomenological level of the decoherence terms, without a precise calculation of them.
Our work is complementary to this line of work in the sense that our focus is the calculation of the decoherence terms, or more precisely the jump operators, and in this work we concentrate on the case that they arise from the Standard Model interaction of the neutrinos with the background particles of the medium in which they propagate. Our main goal is a precise prescription to determine them as used in the context of the master or Linblad equation, from the calculation of the non-forward neutrino scattering contribution to the imaginary part of the neutrino self-energy. The result is a well-defined formula for the jump operators in that context, expressed in terms of integrals over the background matter fermion distribution functions and standard model couplings of the neutrino with the electron and nucleons. For illustrative purposes we evaluate explicitly the formulas for the jump operators for different background conditions. Among the salient features, the formulas reveal the particular dependence on the neutrino energy once the background conditions are specified. The results can be useful for experiments where matter effects are important, such as long base line experiments, or in other situations in which the decoherence effects in the propagation of neutrinos due to the non-forward scattering processes may be relevant such as those considered in the references cited.
The diagrams that contribute to the decoherence effects that we are considering are displayed in Fig. 1 . In those diagrams we are labeling the neutrino lines in a generic way, leaving open the possibility that the active neutrinos may have non-standard couplings and/or may mix with non-standard (sterile) neutrinos, for example. But in our calculations for definiteness we will restrict ourselves to the case of active neutrinos with standard couplings and mixings, in which case the diagrams are labeled as shown in Fig. 2 .
In Section 2 we review briefly our strategy to determine the jump operators from the results of the calculation of the absorptive part of the self-energy. This material is based on our previous work [4] , and we therefore limit ourselves there to state the main points omitting some details. In Section 3 we proceed to the actual calculation as outlined in Section 2. The end result is a set of formulas for the jump operators, Figure 1 : Two-loop diagrams for the damping term in the neutrino thermal self-energy in a matter (electron and nucleon) background. In Diagram (b) the label f stands for either e, n, p. In principle we have to consider the various thermal vertices A = 1, 2 and B = 1, 2. However, in the heavy W, Z limit, only the diagonal components of the W, Z thermal propagators are non-zero and therefore only one diagram, with A = 1 and B = 2, must be considered. For simplicity of notation, we have labeled expressed as integrals over the distribution functions of the background particles. In Section 4 we evaluate explicitly the integrals involved for some specific simple cases of the background conditions, which serve as a guide to applications in realistic cases. We use those results in Section 5 to give explicit formulas for the jump operators in various environments of potential interest, which predict a well-defined and calculable dependence of the jump operators on the neutrino energy depending on the conditions of the environment. Section 6 contains our conclusions and we give in two appendices some of the details of the calculations.
Preliminaries
2.1 Self-energy and the damping matrix
The following material is borrowed from Ref. [4] , which we summarize here for completeness. We denote by u µ the velocity four-vector of the background medium and by k µ the momentum of the propagating neutrino.
In the background medium's own rest frame, 1) and in this frame we also write k µ = (ω, κ) .
Since we consider only one background medium, which can be taken to be at rest, we adopt Eqs. (2.1) and (2.2) throughout. Let us consider first the case of one neutrino propagating in the medium, ignoring flavor mixing. The dispersion relation ω( κ) and the spinor of the propagating mode are determined by solving the equation
where Σ ef f is the neutrino thermal self-energy, which can be decomposed in the form
4)
where Σ r is the dispersive part and Σ i the absorptive part. In the context of thermal field theory,
5)
where Σ 11 is the 11 element of the thermal self-energy matrix. On the other hand, Σ i is conveniently obtained from the formula
where Σ 12 (k) is the 12 element of the neutrino thermal self-energy matrix, while
is the fermion distribution function, written in terms of a dummy variable z, and the variable x ν is given by
Σ 11 and Σ 12 will be determined by evaluating the diagrams shown in Fig. 2 . The chirality of the interactions imply that [21] Σ ef f = V µ γ µ L , (2.9) and correspondingly Σ r,i = V µ r,i γ µ L , (2.10)
In general both V µ r,i are functions of ω and κ. Ordinarily we will omit those arguments but we will restore them when needed.
Writing the neutrino and antineutrino dispersion relations in the form
with
On the other hand, for the imaginary part,
where n µ is defined in Eq. (2.15). If the correction due to the n · ∂V r (ω, κ)/∂ω in the denominator can be neglected, the formulas in Eq.
When we consider various neutrino flavors, the vector V µ defined through Eq. (2.9) is a matrix in neutrino flavor space. Then, as shown in Ref. [4] , generalization of the discussion above is that the dispersion relations of the propagating modes are determined by solving the following eigenvalue equation, in flavor-space,
with H r and Γ being Hermitian matrices in flavor space, calculated in terms of the vector V µ ,
.
(2.19)
In coordinate space, this translates to the evolution equation
20)
Our purpose is to determine the contribution to Γ due to the diagrams in Fig. 2 . Our strategy is first to determine the loop-expression for Σ i , which follows from the corresponding loop-expression for Σ 12 by means of Eq. (2.6). Then use the fact that the corresponding expression for V µ i is obtained by substituting the loop-expression for Σ i in the formula the contribution from diagram (b) for any of the fermions f = e, n, p, so that
From Eqs. (2.19) and (2.21) we then obtain the loop formula for the damping matrix
for neutrinos and antineutrinos, respectively, where
Jump operators
Similarly to the case discussed in Ref. [4] , the damping matrix in the present case, calculated from Fig. 2 as we have outlined above, arises from the non-forward neutrino scattering processes, and not from neutrino decay processes. In this case the initial neutrino state is depleted but does not actually disappear and, as we argued, the damping matrix should be associated with decoherence effects in terms of the Linblad equation and the notion of the stochastic evolution of the state vector [5, 6, 7, 8, 9] ). The idea is to assume that the evolution due to the damping effects described by Γ is accompanied by a stochastic evolution that cannot be described by the coherent evolution of the state vector. As discussed in detail in Ref. [4] but omitting the details here, the result of this idea is that the evolution of the system in this case is described by the density matrix (in the sense that we can use it to calculate averages of quantum expectation values) that satisfies the Linblad equation,
25)
where the L n matrices, representing the jump operators, are related to Γ by
Indeed, as we will show, the damping matrix that we will determine by means of Eq. (2.23), can be written in the form
27)
with well-defined expressions for the L matrices in terms of integrals over the background particles distribution functions that we will obtain from the self-energy calculation.
Notation and conventions
For definiteness we state precisely the notation and conventions we use throughout. The neutral-current couplings of the interaction Lagrangian that are relevant to our calculation are given by
where, in the standard model,
and
is the nucleon neutral current, which in terms of the quark fields
is given by
33)
and τ 1,2,3 stand for the Pauli matrices. We introduce the nucleon (f = n, p) neutral-current vertex function j
, which is defined such that the matrix element of the neutral-current between nucleon states is given by
In principle the parameters a f , b f , c f are q 2 -dependent form factors. For our purposes we will assume that it is valid to adopt their q 2 = 0 limiting value. In this case,
36)
where Q p = 1, Q n = 0, I 3p = −I 3n = 1/2 and In addition we will discard the c f term since it contains a factor of q/m N which gives a small contribution relative to the other terms. For the charged current,
3 Calculation of Γ and the jump operators
We consider first the contribution to Σ 12 (k) from diagram (b) in Fig. 2 . Each fermion in the background contributes a term of the form
In the heavy Z limit, only the diagonal elements of the Z propagator are non-zero, ∆
We write it in the form
The corresponding expression for the contribution from diagram (a) can be obtained from Eq. (3.6) by making simple substitutions. Thus,
This can be rewritten using the Fierz-like identity (the proof is given in Appendix A), 
we have
Therefore, in what follows we concentrate on the evaluation of Σ
(Z,f ) 12
(k) using Eq. (3.6). The results for Σ (W ) 12 (k) are obtained by making the replacements
in the results for Σ (Z,e) 12 (k). For the propagators of the internal neutrino lines we adopt the same formulas used in Ref. [4] . Specifically, the components of the propagator matrices are given by
where
As usual, we have introduced the fermion distribution function n F (z), defined in Eq. (2.7), θ is the step function, and we have defined
For our purposes, it will be more convenient to use the identity
and express S (f )
. For the neutrino propagator, we neglect the effect of the non-zero neutrino masses and/or dispersion relations in the calculation of Σ 12 as in Ref. [4] . In this case the neutrino propagator is diagonal in flavor space, with all the elements actually being the same since all the neutrinos have the same mass (zero) and the same chemical potential. Specifically,
We now work out the product of the fermion propagators in Eq. (3.6) as follows. We will use the identity (derived in Appendix A of Ref. [4] ),
Eq. (3.23) is a consequence of the identity, 
In the following steps we mimic the procedure we used in Ref. [4] , and therefore we omit here some of the details.
We now let k ′ be an arbitrary variable, but insert the factor δ (4) (k ′ + p ′ − p − k) and integrate over k ′ . Thus,
29)
Next we carry out the integral over k ′ 0 , with the help of the delta function, and obtain
To arrive at Eq. (3.30) we have changed variables κ → − κ in the term with the M µν (−k ′ ) factor, and we have defined 
34)
E ν,ν reduce to the formulas given in Eq. (3.31).
Next we carry out the integration over p 0 , p ′ 0 in a similar way. In analogy with Eq. (3.34), we will use 
and similarly for p ′ µ . In Eq. (3.37) we have introduced the factors E ν,λλ ′ and Eν ,λλ ′ (with λ, λ ′ being ±), which are defined as follows,
and similarly for Eν ,λλ ′ . Using Eq. (3.35) and the corresponding formulas for n F (x ′ f ) in Eq. (3.31), the explicit formulas are given in Table 1 . To simplify the notation in the formulas summarized in Table 1 we have introduce the shorthands The formulas for Eν ,λλ ′ are obtained from those for E ν,λλ ′ by making the replacement f ′ ν → (1 −f ′ ν ). As discussed in Ref. [4] , each of the terms that appear within the bracket in Eq. (3.37) corresponds to a particular non-forward scattering process, and its inverse, for example
41)
as well as the processes obtained by crossing f (p), f (p ′ ), ν a (k ′ ). For ω > 0, the only processes that are kinematically accessible are the one shown above, and the following one,
These correspond to the the first and the fourth terms, respectively, in the list of terms that appear within the bracket in Eq. (3.37). Alternatively, for ω < 0, the only kinematically accessible processes arē
43)
which correspond to the fifth and eighth terms within the bracket in Eq. (3.37). In addition we will assume that there are no neutrinos or antineutrinos in the background, therefore we set f ν and fν to zero. Then,
where we have used the fact that M µν (−k ′ ) = −M µν (k ′ ) and, as we have mentioned, if ω > 0 only the first two terms in the bracket contribute, while for ω < 0 only the last two contribute.
Calculation of n · V i
As already stated in Section 2, the contribution to (V α i (ω, κ)) ba , which we denote by V Tr γ α γ µ γ β γ ν = 4C αµβν ,
Using these, the explicit expressions for L αµν (k ′ ) and N µν (p, p ′ ) are
Since C αµβν is symmetric in µν, the cross product terms of C αµβν with the epsilon tensor give zero when we take the product of L αµν N µν . Specifically,
(3.51) The various contractions that appear here are,
Thus,
(3.53) Therefore, from Eq. (3.47),
Introduce the integrals
It is useful to note the following relation Using these properties of the integrals, the quantities that enter in the formula for Γ are then,
where from now on we understand that k µ = (ω κ , κ) , (3.60)
with ω κ = κ. We now borrow the following formulas from Ref. [4] ,
62)
for x = f,f . In similar fashion, here we introduce the integrals I (f,f ) 0 by writing
(3.64)
In obtaining the final formula for I (f ) 0
we have relabeled p and p ′ . Thus for either case (x = f,f ) we have
where we have used the fact that k µ = ω κ n µ and similarly for k ′ µ . Thus in terms of I
(3.67)
Formula for Γ
We can now obtain the explicit formula for the damping matrix in terms of the integrals I For the antineutrinos, the formula for Γ (ν) is similar to Eq. (3.68), with γ
(3.70)
Formula for the jump operators
As already explained in Section 2.2, the proposal for identifying the jump operators is based on writing Γ as sum of terms of the form L † L. Looking at Eq. (2.23) we see that we can write Γ in the form given in Eq. We then assert that in this case, in which the non-forward scattering processes give rise to the damping matrix, their effects are more effectively taken into account in the context of the evolution equation for the flavor density matrix, in this case,
Evaluation of integrals in various limiting cases
For illustrative purposes and a guide to applications to realistic and/or potentially important situations, here we evaluate explicitly the integrals involved for some specific simple cases of the background conditions.
We assume that f x ≪ 1 so that we can set
we use the following identity which follows from momentum conservation,
The integrals J
1,2 were denoted by J 1,2 in Ref. [4] , and were evaluated there. Imitating the procedure followed there, they can be evaluated for any n, and in particular for n = 1. The details are given in Appendix B. Here we quote the results for particular cases that can serve as a guide and benchmark when considering more general situations. We consider separately the ultrarelativistic or a non-relativistic fermion background, and specific limits of the thermal distributions.
Ultrarelativistic background
Specifically we assume that α f , T, ω κ ≫ m f . where θ p is the angle between p and κ, and we have set p = | p|. In particular,
1 , J
1 .
(4.7)
Substituting these in Eqs. (4.1) and (4.4) , and remembering that ω κ = κ, then we obtain for this case,
(4.8)
To carry out the integrals for I (x) 0,1,2 we consider separately the completely degenerate or the classical fermion distribution.
Completely degenerate background
For a completely degenerate x background (x = f orf ) putting f x = θ(p F x − p), where p F x is the Fermi momentum,
(4.9)
The Fermi momentum is given in terms of the number density f x of the background fermions by p F x = (3π 2 n x ) 4 3 .
Classical background
Putting f x = e −βp , where β is the inverse temperature (T ), gives
(4.10)
Nonrelativistic background
Here we assume that m f ≫ T .
(4.11)
We consider two situations separately, depending on whether ω κ ≫ m f or ω κ ≪ m f .
ω κ ≫ m f
In this case we obtain
Then from Eqs. (4.1) and (4.4),
In this case we obtain, 15) and then from Eqs. (4.1) and (4.4),
(4.16)
Examples and Discussion
Here we use the results of the previous section to evaluate the jump operators in various environments of potential interest. One important result of this exercise is that the formulas we have derived predict a welldefined and calculable energy dependence of the matrices L (Z,W ) , given by Eq. (3.71), once the conditions of the environment are specified. This result is in itself important in the context of recent studies that have explored the possible energy dependence of the decoherence terms, but from a phenomenological point of view (e.g., Refs. [10, 11, 14, 17] ).
Matter background
As our first example we consider a normal matter background, that is a medium consisting of non-relativistic electrons and nucleons N = n, p) with no antiparticles. We consider three situations separately, according to whether the neutrino energy is larger or smaller than m e and the nucleon mass m N . 
In some circumstances, it is possible that further approximations are appropriate. For example, in the very high energy neutrino limit, κ ≫ m N , m e , then the last term in γ (Z) f can be neglected. However, the distinguishing feature of this case is that the damping matrix scales linearly (∼ κ) with the neutrino energy and the matrices L (Z,W ) , given by Eq. (3.71), scale like κ 1/2 . Precisely, for the neutrinos, in matrix notation (in the neutrino flavor space),
where I is the identity matrix,
and we have introduced
which, up to a factor O(1) is the formula for the f fermion contribution to the Wolfenstein potential. We have used also
Similarly for the antineutrinos, 
In this case, in contrast to the previous one, the damping matrix scales as κ 2 while the L matrices scale linearly, and the damping and decoherence matrices are the same for neutrinos antineutrinos. Specifically,
In this case we must use the formulas given in Eqs. (5.2) and (5.6) for the contribution due to the electron background, and Eq. (5.8) for the nucleon contribution. That is (using N to denote a nucleon n or p), Consequently, the κ dependence of Γ is more complicated than both of the cases above. Γ is combination of terms that scale like κ and terms that scale like κ 2 .
Relativistic electron-positron background
For illustrative and reference purposes we now consider a classical background of electrons and positrons in the extremely relativistic limit. Using Eq. (4.10),
and therefore 
Generalizations
By combining the formulas given above we can consider more general cases, such as, for example, a background consisting of relativistic electrons and positrons, superimposed on non-relativistic nuclear matter. In general case, the dependence on κ and/or T is not a single power law, as the examples above illustrate. Such dependences are different depending on the composition and conditions of the background, and therefore in practical applications it is imperative to specify the conditions of the background medium in the context being considered.
Conclusions and outlook
In this work we have considered the effects of the non-forward neutrino scattering processes on the propagation of neutrinos in a matter (electron and nucleon) background. Specifically, we calculated the contribution to the imaginary part of the neutrino thermal self-energy arising from the non-forward neutrino scattering processes in such backgrounds. Since in this case the initial neutrino state is depleted but does not actually disappear, we have argued that such processes should be associated with decoherence effects. More precisely, the non-forward scattering processes produce an stochastic evolution of the system that cannot be described in terms of the coherent evolution of the state vector. Following this view, we have given a precise prescription to determine the jump operators, as used in the context of the master or Linblad equation, in terms of the results of the calculation of the non-forward neutrino scattering contribution to the imaginary part of the neutrino self-energy. The main result is a well-defined formula for the jump operators, expressed in terms of integrals over the background matter fermion distribution functions and standard model couplings of the neutrino with the electron and nucleons. For illustrative purposes and guide to estimating the decoherence terms in situations of practical interest we gave explicit formulas for the jump operators for different background conditions, and pointed out some of the salient features in particular the neutrino energy dependence. The results can be useful for long baseline experiments, where matter effects are important, and in other situations in which the decoherence effects in the propagation of neutrinos due to the neutrino non-forward scattering processes may need to be taken into account. with v p = | p|/E p . This allows the angular integration in Eq. (4.1) to be carried out in straightforward fashion, leaving only the integration over E p , which depends on the distribution function, to be performed. As usual we can consider special cases for illustrative purposes.
B.1 Ultrarelativistic background
Specifically we assume that α f , T, ω κ ≫ m f . (B.7)
In this case, ω * ′ min = 0 , (B.8) and therefore J (n) 1 = π 2(n + 1) (m f ω * κ ) n → π 2(n + 1) ω n κ p n (1 − cos θ p ) n , (B.9)
where we have set p = | p|. Similarly, The Fermi momentum is given in terms of the number density f x of the background fermions by p F x = (3π 2 n x ) 4 3 .
B.1.2 Classical background

